iNtrodUCtioN scholle and arthur (1980) were the first to explore the possibility that variations of the δ 13 C (calcite) values from pelagic limestones were a potential tool for longrange correlation in the Cretaceous sediments of circumatlantic-Western tethyan region including Chalk sequences in the UK (Kent, hampshire, Norfolk), North sea, Netherlands and germany. these authors were at pains to discuss possible problems relating to primary controls on the carbon isotope variations related to temperature, water mass and faunal/floral changes, the organic carbon cycle as well as to diagenesis. they drew the conclusion that there are major fluctuations in carbon isotope values that can be correlated over distances of thousands of kilometres and these may be associated with palaeo-oceanographic or palaeocirculation events. four important δ 13 C episodes were recognised: a heavy event 
C (calcite) reference curve based upon bulk samples from the Upper Cretaceous Chalk of England can be used as a primary criterion for trans-continental correlation is reviewed in the light of new stable isotope data from the Upper albian and Cenomanian chalks of eastern England and from the Cenomanian to Campanian chalks of southern England. Evidence demonstrates that in the coloured chalks of eastern England the cements invariably have positive δ 13 C values (up to 3.5‰) except where they have been affected by hardground development when the cements have negative δ 13 C values down to -6.5‰. in contrast, the White Chalk of southern England may have cements with δ 13 C values as negative as -8‰. Modelling indicates that the coloured chalks may preserve a truer record of the primary palaeo-oceanographic δ 13 C signal than the white and grey chalks of southern England. it is suggested that (1) many of the 72 isotope events described from the δ 13 C (calcite) reference curve and proposed for correlation may reflect the effects of variations in the type and extent of calcite cementation; and (2) until much more is known about the patterns of calcite cementation in the Upper Cretaceous Chalk the use of minor isotope events for trans-continental stratigraphic correlation can only be applied with the utmost caution.
close to the Cenomanian-turonian boundary, light events close to the albian-Cenomanian, turonian-Coniacian and Maastrichtian-danian boundaries. this initial foray into using the pattern of δ 13 C values in the Chalk for stratigraphical purposes was followed up by more detailed and extensive sampling at ~ 1 metre intervals of the English Chalk and its comparison to the italian scaglia (Jenkyns et al. 1994) . there were also detailed investigations of the δ 13 C patterns in parts of the Cenomanian and Lower turonian Chalk related to a possible Mid Cenomanian Event (paul et al. 1994 ) and the Cenomanian-turonian anoxic Event (Jarvis et al. 1988; Leary and peryt 1991; gale et al. 1993; Mitchell 1995 Mitchell , 1996 Mitchell et al. 1996; paul et al. 1999; Jarvis et al. 2001; Keller et al. 2001; tsikos et al. 2004 ). More recently a composite δ 13 C carbonate reference curve based upon 1769 bulk samples for the Cenomanian-Campanian Chalk sequence of England has been established and 72 isotope events have been defined in relation to 45 biostratigraphical markers (Jarvis et al. 2006) . it is suggested that these isotope events are isochronous and the resulting chemostratigraphy can be used as a primary criterion in trans-continental correlation.
the purpose of this paper is to demonstrate that too little regard has been given to the effects of calcite cementation modifying the primary δ 13 C value of the sediment thus ignoring the possibility that much of the δ 13 C reference curve (Jarvis et al. 2006 ) may be unsuitable for detailed stratigraphical correlation. the first part summarises new information (unavailable to earlier authors) on the geochemistry of the calcite cements associated with the Chalk which display δ 13 C values ranging from 3.5‰ to -8‰. the second uses these new geochemical data to show the effects on bulk chalk samples of introducing varying volumes of cement of known isotopic composition. the third part considers evidence for diagenetic effects on the δ fig. 2 . a. stratigraphy of the upper albian and Cenomanian chalks of the Northern province after Wood and smith (1978) and Jeans (1980) . Various lithological units and horizons mentioned in the text are indicated. some of the Chalk members (e.g. Louth, Nettleton) can be recognised in the southern province of England. B. details of sample locations from the top of the red Chalk and the overlying paradoxica Bed at hunstanton. samples (Lr160) and (Lr161) are from the red Chalk at stenigot. C. stratigraphical column showing the stages, substages and palaeontological zones of the English Chalk in relation to various isotope events of Jarvis et al. (2006) MEthods the percentage weight of acid insoluble residues (air) in chalk samples were determined by two methods. samples from the Newhaven Chalk formation at peacehaven steps, sussex, and from the Cenomanian Louth Member at Ballard Cliff, dorset, were determined gravimetrically using 1 molar acetic acid and preweighed Whatman no. 42 filter paper to collect the air (Jeans 1980, p. 155 for details) . samples from the holywell Nodular Chalk formation at Eastbourne, sussex, were analysed by the back titration method using standard volumetric 1 molar hCl for dissolution and back titration with standard volumetric 1 molar Naoh using Bromocreosol green as indication (Jeans 1980, p. 155 gEoChEMistry of ChaLK CEMENts only recently has direct investigation of the geochemistry of the cementation process become possible. the fine-grained nature of the Chalk, dominated by the remains of Coccolithophoridae, is such that sufficiently large crystals of calcite cement are not generally available to determine the history of cementation. recently, however, this was achieved for the calcite cements of the Cenomanian Chalk of eastern England by investigating the calcite cement infilling voids within the shell cavity of terebratulid brachiopods. Evidence demonstrates that the calcite filling has not come from allochthonous pore fluids penetrating the chalk and the well preserved brachiopods (valves tightly shut) through a fracture system, but is the result of precipitation from the Chalk's pore waters. the pattern of trace elements in the calcite cement from the voids inside the brachiopods can be matched with different types of lithification in the main mass of the Chalk (hu, Long and Jeans, submitted). the results are summarised in table 1. two patterns, the suboxic and the anoxic series, are recognised in the geochemistry of the calcite cement (text- fig. 3 ). the earliest cement in both series is Mg-rich, non-luminescing, and poor in fe, Mn and sr. a single stable isotope analysis shows it to have a positive δ 13 C value (0.58‰). subsequent cements in the suboxic series are characterised by positive δ 13 C values which become increasingly heavier as cementation progressed, reaching values of 3.5‰. in contrast the anoxic series is characterised by negative δ 13 C values which become lighter as cementation progressed, reaching values as low as -6.5‰. the suboxic pattern of cementation is associated with the Upper albian and Cenomanian chalks at speeton, yorkshire, where a fine-grained red hematite pigment is still present (text- fig. 4 ) or has only been lost by late diagenetic sulphidization after the precipitation of the last phase of calcite cement recorded in the brachiopods. the anoxic pattern is associated particularly with hardground development linked to the precipitation of fine-grained glauconite and to the early diagenetic loss of the fine-grained red hematite pigment resulting from the development of anoxic pore water conditions through microbial activity (text- fig. 3 ). o -5‰) affecting the Campanian Chalk at peacehaven steps. the "uncemented" bulk chalk is that calculated for the unlithified chalk of the Cenomanian Louth Member at dover, this having been used in modelling the general cement geochemistry of the Louth Member in eastern England. it is considered to be a fully compacted chalk unaffected by early lithification and any appreciable pressure dissolution; it is referred to as the Standard Louth Chalk. the bulk specific gravity is 1.65, the acid insoluble residue is 4 volume percent, the CaCo 3 content is 56 volume percent and the porosity is 40 volume percent. two bulk chalk models are used, one (a) representing the chalk sediment just prior to the start of the Cenomanian-turonian δ C value for the bulk cement. it is quite conceivable that much of the cement has an extreme value. our modelling has also used the uncemented Standard Louth Chalk with a conservative porosity of 40 volume percent. other authors have suggested much higher porosities for the initiation of early cementation (45-70%, scholle and Kennedy 1974; 75-80%, Clayton 1986 ). this could result in much higher volumes of cement and this would enhance the degree to which a cement of a particular δ 13 C value could modify its host chalk. in this section the problem is approached from the opposite direction by taking actual stable isotope values of lithified chalks and modelling the composition of the cement whenever possible either by using the Standard Louth Chalk as the starting point or from observations of the degree of compaction between the uncemented and cemented states of the sediment. aLBiaN aNd CENoMaNiaN ChaLK of EastErN ENgLaNd finely divided red hematite pigment is widespread in the Cenomanian and Upper albian chalks and marls of eastern England. it is responsible for the red to pale pink to purple hues that colour these sediments. the presence of this pigment has proved to be a fairly reliable indicator that any calcite cementation which has taken place belongs to the suboxic series. text- fig. 6 shows that in Norfolk, Lincolnshire and yorkshire coloured chalks are restricted to four bands -the Upper albian red Chalk formation and the basal part (Belchford Member) of the overlying Cenomanian Chalk; the Lower pink Band of Bower and farmery (1910) in the Candlesby Member (Middle Cenomanian); the Upper pink Band of Bower and farmery (1910) in the Louth Member (Upper Cenomanian), and in the Variegated Marls (flixton Member, Upper Cenomanian-turonian) of south Lincolnshire. at speeton on the yorkshire coast the hematite pigment occurs throughout the expanded sequence from the red Chalk up to and including the Lower pink Band, the only bed in this sequence that does not contain the hematite pigment is the grey Bed at the base of the Candlesby Member.
the hematite pigment has been lost locally at two stages during the diagenesis of the Chalk. during early diagenesis the loss is associated with the development of hardgrounds and related types of lithification (types 1 and 3, Jeans 1980); here the loss of pigment is associated with the precipitation of calcite cement of the anoxic series and the development of glauconite. Much later in diagenesis there is loss on a regional scale in zones that cross-cut the stratigraphy (text- fig. 6 ) and this is associated with the precipitation of pyrite and marcasite; this post-dates the latest calcite cements recorded in the terebratulid brachiopods and is related probably to ascending anoxic, sulphide-rich, pore fluids penetrating the Chalk along basement faults. -fig. 2B ). the upper part of the paradoxica Bed contains uncompacted, chalk-filled callianassid burrows set in a well cemented chalk matrix. portions of the dark red iron oxide layer (text- fig. 2B ) that has replaced the basal part of the paradoxica Bed are present. scale 5 cm five types of early lithification and one phase of late lithification caused by calcite cementation at increasingly late stages of diagenesis have been recognised in the Upper albian and Cenomanian chalks of eastern England (Jeans 1980 ). We will consider how five of these have or have not affected the δ 13 C values of the bulk chalk.
Type 1 lithification associated with hardground development
the paradoxica Bed (text- fig. 7 ; Jeans 1980, fig. 9; gallois 1994, pl. 13) at the base of the Cenomanian Chalk in north Norfolk and its lateral extension throughout Lincolnshire and south yorkshire is a particularly good example of hardground development (Jeans 1980) . its cementation history is known from Jeans (1980) and the investigation of the calcite-filled vugs preserved within its brachiopods (table 1; hu et al. 2012 this issue). Cementation must have started at the same time as or prior to the excavation of the branching thalassinoides burrow system by callianassid crustaceans -this is at a much earlier stage of compaction than that used for the modelling exercise (see above). there is evidence that the original sediment contained fe(oh) 3 , the assumed precursor to the hematite pigment, and this has been dissolved during lithification as the result of the development of anoxic conditions (Jeans 1980, fig. 22 ). C value of the bulk cement can be modelled by using the Standard Louth Chalk but with an initial value of 2.0‰, the approximate average δ 13 C derived from the data of Mitchell et al. (1996, fig. 5 ) for the red and pink stratigraphically equivalent chalks at speeton from the base of his red Cliff hole Member to the base of the 1st Inoceramus Bed (text- fig. 2a ). the average δ 
Type 4 lithification associated with large ammonites
Large ammonites occur in the nodular chalks of the ferriby formation at speeton. they have enhanced Mg, Mn and fe in their bulk calcite compared to the more marly matrix of the surrounding nodular chalk (Jeans 1980; hu et al. accepted) . this pattern of trace element enhancement is also seen in the calcite cements of 
Type 5 lithification associated with nodular chalks
Much of the Cenomanian and Upper albian section at speeton consists of nodular chalks and nodular marls, most of which still retain a red hematite pigment (text- fig. 9 ). some of this pigment has been lost in sulphidization zones that cross-cut the stratigraphy. the sulphidization post-dates all stages of the calcite cements recorded by hu, Jeans and dickson (submitted) in the terebratulid brachiopods. the development of the nodularity has been caused by the precipitation of a calcite cement relatively enriched in fe (Jeans 1980 fig. 9 . Beds of red nodular chalk, Belchford Member (ferriby formation) at speeton, yorkshire, UK. in the upper bed pale pink nodules are set in a darker marly matrix, whereas in the lower bed this has been partly discoloured with the development of fes 2 minerals as the result of late-stage diagenesis (text- fig. 6 ). scale 105 × 150 mm o values are on average heavier by -1.63‰ (range -0.60 to -2.39‰). the explanation is that the marl seams represent the original bioclastic values of the chalk sediment unaffected by the addition of calcite cement but modified by the selective loss of the finer calcite grains by pressure dissolution. the < 2μm fractions of chalk (mainly coccolith debris) usually have lighter δ 13 C than the rest of the sediment (Jeans et al. 1991, fig. 8 ) where they have been investigated in detail. therefore the hCo 3 -in the pore solution from which cementation occurred in the adjacent beds of chalk is likely to have had a lower δ 13 C value and this is probably responsible for this systematic difference.
CENoMaNiaN to CaMpaNiaN ChaLKs of soUthErN ENgLaNd
Much of the evidence suggesting the presence of calcite cements of the anoxic series in the Cenomanian to Campanian Chalk of southern England is of a general nature and is based on comparison with the cement sequences and their associated diagenetic features revealed in the Cenomanian Chalk of eastern England. the most conspicuous feature is the complete lack of the red and pink hues that are associated with suboxic cements. hardgrounds are not uncommon in the southern Chalk: these display all the geological features associated with the paradoxica Bed in eastern England and it is probable that the southern hardgrounds are similarly associated with cements of the anoxic series and their negative δ 13 C values. the general observations of scholle and Kennedy (1974) on the stable isotope values of hardgrounds in the English Chalk support this.
the presence throughout the Chalk of southern England of iron sulphide as pyrite, marcasite or as oxidised rusty nodules or stains commonly associated with fossils indicates anoxic conditions of diagenesis. any calcite cement precipitated under these conditions would be expected to have negative δ 13 C values. Evidence of oxic cements (δ 13 C 2.5-3.5‰) is provided by Mitchell et al. (1997) and paul et al. (1999) in the plenus Marls at Eastbourne and dover. in contrast, from the same horizon and localities Voigt et al. (2006) suggest that the δ 13 C value of the bulk rock has been diagenetically lightened by 1.5 to 2‰ compared to the pristine calcite from rhynchonellid brachiopods. such a change would be caused by the addition of an anoxic cement to the bulk sediment. the calcite cement associated with paramoudra flint development is considered to have been formed at least partially under anoxic conditions (Clayton 1986 ). anoxic cements have been suggested by Jenkyns et al. (1994) to be the cause of the lighter δ 13 C profile associated with the turonian sequence at dover which is 0.2‰ lighter than the equivalent sections in the trunch and Banterwick boreholes and at Culver on the isle of Wight (Jarvis et al. 2006) . the 0.2‰ enhancement of the values of δ 13 C for the Cenomanian chalk at speeton (Jarvis et al. 2006) compared to those in southern England suggests widespread anoxic cementation in the south.
Chalk-marl alternations at Ballard Cliff and Eastbourne
some idea of the complexity of the effects of cement precipitation on the δ 13 C values of chalk can be seen in the range of variation in stable isotopes and trace elements in sequences of interbedded marls and chalks.
text- fig. 10 shows the alternating limestone-marl facies in the upper part of the Cenomanian sequence at Ballard Cliff, dorset. throughout the section there is a well-defined covariation between the acid insoluble residue, the fe (calcite) concentration and the δ 18 o value of the bulk calcite. this suggests that the limestone units compared to the marl units have undergone preferential cementation by calcite enriched in fe either at an enhanced temperature or under greater influence of meteoric water. the Mn (calcite) and the δ 13 C values display different patterns. in the lower part of the section (dosa17 -dosa13) the Mn text- fig. 11 shows a rather different style of limestone-marl alternations in the Melbourn rock Member of the holywell Nodular Chalk at Eastbourne. here relatively thick, well cemented beds of chalk (20-95 cm thick) are separated by thin marl seams (5-80 mm thick). the thicker and more persistent of these marls are referred to as the Meads Marls and are numbered 1 to 6. this section records the plateau of high δ 13 C values between 4.5 and 5 ‰ that constitutes part of the Cenomanian-turonian δ 13 C Excursion at Eastbourne. Close correlation occurs between variations in acid insoluble residue and the stable isotope values of the bulk calcite, a relationship noted in part by paul et al. (1999) in their detailed investigation of the Cenomanian-turonian boundary section. the marls with their high acid insoluble residues have heavier δ 18 o (calcite) and δ 13 C (calcite) values relative to the chalk beds. this pattern of stable isotopes is similar to that described in an earlier part of this paper (late lithification associated with pressure dissolution cementation) and is considered to have the same origin. 18 o values by up to 0.9 ‰. these have no obvious correlation with lithology. the stable isotope patterns for the bulk calcite display a marked similarity between the variations in δ 13 C and δ 18 o values. this suggests variation in the proportions of two types of chalk with different isotopic characters, one with relatively heavy δ 13 C and δ 18 o values, the other with relatively light values. More detailed investigation was carried out on 23 of the 63 samples. these samples were disaggregated in water by extended treatment in an ultrasonic bath. five particle size fractions (<2 μm, 2-8 μm, 8-20 μm, 20-40 μm, 125-250 μm) were separated from 10 of these samples by a combination of sieving and differential settling (stokes' formula) in slightly ammoniated water. for the remaining 13 samples (phs 53-65) only the <2 μm fraction was separated. the stable isotopes values of the bulk calcite of each separated fraction was determined (table 8) . the detailed results (text- fig. 15 ) from the ten samples from the lower part of the section (0-13 metres) demonstrate that the values in the coarser fraction were little different from the total sample, but those from the <2μm fraction often showed very different values; these range for δ 13 C from 1.5 to -8‰ and for δ 18 o from -2 to -5‰. the <2μm fractions from the top part of the section (phs 53-65) display no such variation, with values little different than for the total sample. text- fig.  16 is a cross plot of the stable isotope values for all the <2 μm fractions. the close correlation between the δ o -6‰. throughout the section with the anomalously light isotope values the weight percent of <2μm material separated from the disaggregated sample was surprisingly low (0.2-14 weight percent, averaging 3%), considering that much of this white chalk was expected to be the remains of coccoliths. this suggests a widespread cement precipitated under anoxic conditions. assuming fig. 17 ) for the Newhaven Chalk formation suggest a maximum depth of 1,000 metres and temperature of 62-68 o C. additional evidence for the influence of anoxic calcite cement on the δ 13 C carbonate curve for the peacehaven steps section comes from comparing this with the curve for δ 13 C org from the organic material within the acid insoluble residues of samples phs1-52 (table 8) . the amount of organic carbon in the residues range from 0.7 to 2.7%, averaging 1.65% by weight. the δ
13
C org values range between -22 ‰ and -26 ‰, their stratigraphical variation shows an approximately antipathetic relationship to the pattern displayed by the δ 13 C values of carbonate. assuming that the organic matter is derived from the changing faunas and floras that inhabited the Campanian sea during the deposition of the chalk sequence at peacehaven steps, this leaves no doubt that the δ 13 C carbonate curve is a diagenetic signal. indirect evidence of calcite cementation is given by bulk specific gravity values (sg) of chalk that can be measured in the laboratory (Jeans 1980, p. 155 for a method) and its comparison with "standard chalk" such as the one used for modelling the effects of cementation. Much information is to be found in the intact dry density (idd = sg) and the p-and s-wave velocity profiles from boreholes that have been sunk for surveying the engineering properties of chalk in major road and tunnelling projects (Mortimore 2012 ).
text- fig. 18 shows the intact dry density and the pand s-wave velocity profile as well as poisson's ratio, young's Modulus, Bulk Modulus and shear Modulus for part of the Newhaven Chalk formation in two boreholes at southwick hill, 17 km from peacehaven. the stratigraphic position of the section we investigated in some detail is shown. it spans a downhole increase in intact dry density from 1.63 to fig. 18 . Burial curve for the Newhaven Chalk formation at peacehaven, sussex, UK preserved as marl seams from which it has been derived by the selective dissolution of the bioclastic components. the effects of this pressure dissolution/cementation are differences in δ 13 C values ranging from 0.15 to 0.40 ‰ (averaging 0.24‰), suggesting that the Jukes-Browne and Amphidonte Bed isotope events which are defined by differences of no more than 0.13‰ may be diagenetic blips in the δ 13 C record.
isotope events (e.g. hitch Wood, pewsey and glynde events (turonian); Navigation Event (turonianConiacian); santonian-Campanian Boundary Event) associated with hardground development and glauconite have to be assessed in the light that they are likely to have been affected by the precipitation of varying proportions of anoxic calcite cements comparable to that in the paradoxica Bed in eastern England. Much of the variation between locations and within a single location may be the effect of this.
inflection points in the δ 13 C reference curve at which the trend of δ 13 C values change, such as the hawks Brow Event (santonian), horseshoe Bay Event (santonian), haven Brow Event (santonian) and the Navigation Event (turonian-Coniacian), may represent the points at which the style of calcite cementation changes. for example, the change from a cementation pattern with an increasing proportion of anoxic cement to one where the proportion of suboxic cement increases would change a trend to lighter bulk δ 13 C to one with heavier values, in spite of there being no change in the original oceanographic isotope values.
CoNCLUdiNg CoMMENts the assumption that a bulk carbonate δ 13 C reference curve could be a stand-alone criterion for trans-continental correlation is based upon the premise that the δ 13 C values in the Upper Cretaceous Chalk of England have been little affected by diagenesis. Jarvis et al. (2006) consider the Chalk successions of England to be diagenetically immature. Unfortunately this is not correct in spite of the Chalk's superficial appearance of being little altered or even cemented. for 65-100 Ma the Chalk has undergone diagenesis. Most of the changes have been involved with miagenesis (Jeans 1984 for definition of diagenesis, miagenesis and metamorphism) and these have provided the fundamental differences that are related to the original depositional setting on the seafloor within the Late Cretaceous sea. Miagenesis refers to the group of mineralogical and chemical reactions occurring within and between the organic and inorganic components of a sediment, its pore fluids and its living biota that take place at normal earth-surface temperatures. these reactions represent the development of a general chemical equilibrium between the components of the sediment and its pore fluids. the concept differentiates within diagenesis between the reactions related to metamorphism -the changes controlled essentially by temperature, pressure and stress -from those that are intrinsic to a sediment.. if the English Chalk can be referred to as diagenetically immature it can only refer to that part of its diagenesis related to metamorphism. there are obvious regional differences in cementation from soft friable chalk to hard micritic chalky limestone. these reflect the degree of metamorphism and are related to pressure dissolution under different stress situation. other than the redistribution of dissolved CaCo 3 to precipitate at other sites within the Chalk they have had only a relatively minor effect on the original miagenetic patterns. for example, the Cenomanian Chalk of eastern England is a chalky limestone caused very largely by the lithification of soft chalk by pressure dissolution-derived cements. in them are preserved evidence of the intrinsic patterns of suboxic and anoxic cementation. in contrast, the White Chalks of southeast England are soft and friable; in spite of the lack of obvious cementation, they have undergone just as extensive miagenetic modification as the better cemented and coeval sediments in eastern England. What is recorded in the δ 13 C record of the English Chalk is a record derived from an original palaeooceanographic signal affected to a greater or lesser extent or even obscured by a cementation signal. all the 72 isotope events described by Jarvis et al. (2006) from the Cenomanian-Campanian Chalk sections of England are of a magnitude that could be explained by the effects of calcite cementation -some even by localised variations in δ 13 C values at a single horizon of nodular chalk. With few exceptions (e.g. albianCenomanian boundary Event, Mid-Cenomanian Event, Cenomanian-turonian anoxic Event) the majority of these events are defined by very modest changes in δ 13 C values when compared to those that have been shown to be of diagenetic origin. Until this is sorted out -and it will involve a lot of detailed investigation including the publication of the corresponding δ 18 o curves to allow geologists to draw their own conclusions -biostratigraphy will reign supreme in Upper Cretaceous correlation. Even with the major δ 13 C events that may represent widespread changes in the Late Cretaceous oceans, detailed biostratigraphy is the prime evidence because anoxic calcite cements can modify and obscure these events, even the Cenomanian-turonian δ 13 C Event.
